The capsaicin-sensitive vanilloid receptor (VR1) was recently shown to play an important role in inflammatory pain (hyperalgesia), but the underlying mechanism is unknown. We hypothesized that pain-producing inflammatory mediators activate capsaicin receptors by inducing the production of fatty acid agonists of VR1. This study demonstrates that bradykinin, acting at B2 bradykinin receptors, excites sensory nerve endings by activating capsaicin receptors via production of 12-lipoxygenase metabolites of arachidonic acid. This finding identifies a mechanism that might be targeted in the development of new therapeutic strategies for the treatment of inflammatory pain. V R1, a cloned capsaicin receptor, is a nonspecific cation channel expressed preferentially in small sensory neurons and activated by the vanilloids, capsaicin and resiniferatoxin (1). Because VR1 is also activated by heat and acid (1, 2), it is now considered to be a molecular sensor that detects a variety of painful stimuli. Indeed, recent experiments performed in mice that lack VR1 demonstrated that the receptor is essential for inflammation-induced heat hyperalgesia (3, 4). Therefore, understanding the cellular mechanisms by which capsaicin receptors are activated by inflammatory mediators may be a key to identifying novel therapeutic targets for pain treatment. Because of the presence of VR1 in sensory neurons and an apparent role in inflammatory hyperalgesia, endogenous activators of VR1 have been suspected. We recently demonstrated that products of the lipoxygenase pathway of arachidonic acid (AA) metabolism can activate capsaicin receptors (5). Among the eicosanoids tested, the 12-lipoxygenase product, 12-hydroperoxyeicosatetraenoic acid (12-HPETE), structurally similar to capsaicin, was the most potent VR1 agonist. Thus, metabolic products of lipoxygenases become candidates for the endogenous capsaicinlike substances. However, the upstream signals that stimulate lipoxygenase and activate VR1 are elusive.
The capsaicin-sensitive vanilloid receptor (VR1) was recently shown to play an important role in inflammatory pain (hyperalgesia), but the underlying mechanism is unknown. We hypothesized that pain-producing inflammatory mediators activate capsaicin receptors by inducing the production of fatty acid agonists of VR1. This study demonstrates that bradykinin, acting at B2 bradykinin receptors, excites sensory nerve endings by activating capsaicin receptors via production of 12-lipoxygenase metabolites of arachidonic acid. This finding identifies a mechanism that might be targeted in the development of new therapeutic strategies for the treatment of inflammatory pain. V R1, a cloned capsaicin receptor, is a nonspecific cation channel expressed preferentially in small sensory neurons and activated by the vanilloids, capsaicin and resiniferatoxin (1) . Because VR1 is also activated by heat and acid (1, 2) , it is now considered to be a molecular sensor that detects a variety of painful stimuli. Indeed, recent experiments performed in mice that lack VR1 demonstrated that the receptor is essential for inflammation-induced heat hyperalgesia (3, 4) . Therefore, understanding the cellular mechanisms by which capsaicin receptors are activated by inflammatory mediators may be a key to identifying novel therapeutic targets for pain treatment. Because of the presence of VR1 in sensory neurons and an apparent role in inflammatory hyperalgesia, endogenous activators of VR1 have been suspected. We recently demonstrated that products of the lipoxygenase pathway of arachidonic acid (AA) metabolism can activate capsaicin receptors (5) . Among the eicosanoids tested, the 12-lipoxygenase product, 12-hydroperoxyeicosatetraenoic acid , structurally similar to capsaicin, was the most potent VR1 agonist. Thus, metabolic products of lipoxygenases become candidates for the endogenous capsaicinlike substances. However, the upstream signals that stimulate lipoxygenase and activate VR1 are elusive.
Bradykinin (BK) is a potent inflammatory mediator that causes pain and hyperalgesia. BK is known to activate as well as sensitize sensory neurons to other stimuli. Various signaling pathways have been suggested to mediate the sensitizing effect of BK on sensory neurons (6, 7) . However, activation mechanism by BK is not known. BK is now known to stimulate the production of AA in sensory neurons (8) , a key substrate of lipoxygenases. Therefore, on the basis of previous observations that products of lipoxygenase activate VR1 (5), we hypothesized that BK excites sensory neurons by opening the capsaicin receptor via production of 12-lipoxygenase products of AA metabolism.
Materials and Methods
Cell Culture. Experiments were carried out according to the Ethical Guidelines of the International Association for the Study of Pain and approved by the research ethics committee for the use of animals of the Seoul National University and the University of California, San Francisco. Thoracic and lumbar dorsal root ganglia (DRGs) were dissected from 1-to 2 day-old neonatal rats anesthetized by hypothermia. The culture medium, a mixture of Dulbecco's modified Eagle's MEM and Ham's F-12 solution (50:50), contained 10% FBS, 1 mM sodium pyruvate, 50-100 ng͞ml of nerve growth factor (GIBCO), and 100 units͞ml of penicillin͞streptomycin. Ganglia were incubated for 30 min in 1 mg͞ml of collagenase (37°C; Worthington) followed by 30 min in 2.5 mg͞ml of trypsin (37°C; Boehringer Mannheim). Dissociated cells were plated on poly-L-lysine-treated glass cover slips and incubated at 37°C in 95% air͞5% CO 2 .
Whole-Cell and Single-Channel Current Recording. Whole-cell and single-channel currents were recorded in cultured DRG neurons as described previously (5, 9) . For whole-cell recordings, pipette solution contained (in mM) 4 ATP, 0.1 GTP, 130 KCl, 2 MgCl 2 , 5 EGTA, 0.5 CaCl 2 , and 10 KOH͞Hepes (pH 7.2) and bath solution contained 130 NaCl, 5 KCl, 2 MgCl 2 , 2 CaCl 2 , and 10 NaOH͞Hepes (pH 7.2). For single-channel recordings, pipette and bath solutions contained (in mM) 130 NaCl, 2 MgCl 2 , 5 EGTA, and 10 NaOH͞Hepes (pH 7.2). Experiments were performed at room temperature.
In Vitro Skin-Nerve Preparation. The saphenous nerve innervating the thigh-to-hind-paw region with an attached overlying skin flap was excised from a pentobarbital-anesthetized (120 mg͞kg, i.p.) rat (300-to 500-g male Sprague-Dawley) (10) . The skin was placed in an organ bath chamber with the volar surface exposed to the superfused solution (10 ml͞min). Single-unit action potentials were recorded from a nerve filament via platinum wire electrodes. The superfusion solution (pH 7.4) contained (in mM): 107 NaCl, 26.2 NaHCO 3 , 9.6 sodium gluconate, 5.5 glucose, 7.6 sucrose, 3.5 KCl, 1.7 NaH 2 PO 4 , 1.5 CaCl 2 , 0.7 MgSO 4 saturated with 95% O 2 and 5% CO 2 , at 32°C. Receptive fields were identified by probing with a blunt glass rod, and conduction velocity was measured by electrical stimulation of the nerve trunk. BK and other chemicals were applied to the skin for 200 s in a cylinder placed onto the volar receptive field. In each experiment, BK was applied to the receptive field three times with a 15-min washout period between each application. Inhibitors were applied with the second application of BK. changes were expressed as the ratio F͞F 0 , where F 0 was the initial fluorescence intensity.
Measurement of Intracellular

Single-Cell Reverse Transcriptase-PCR (RT-PCR).
Adult rat DRGs were harvested, and cells were cultured as described previously (11) . Action potentials were recorded in whole-cell currentclamp mode between 24 and 72 hr after plating. The bath medium contained (in mM) 137 NaCl, 5 KCl, 1 MgCl 2 , 1.8 CaCl 2 , 0.4 Na 2 HPO 4 , 10 Hepes, pH 7.4. After recording the BK response, cell content was harvested by suction into the recording pipette that contained 10 l of intracellular solution. RT-PCR was performed by using 0.5 l of reverse transcriptase (Superscript II, Life Technologies, Grand Island, NY). Two successive amplifications (initial Taq activation step at 95°C for 15 min, then 94°C for 45 sec, 58°C for 1 min, 72°C for 1 min, and 72°C for 4 min) were performed for 30 and 38 cycles, respectively, by using Hotstar Taq (Quiagen, Chatsworth, CA). The following multiplexed upstream and downstream primers, respectively, were used for VR1: 5Ј-TGAGTCCCCACCCCAA-GAGAAC-3Ј and 5Ј-CCAGCCCGCCTTCCTCATAAG-3Ј (nucleotides 116 -291); for 12-lipoxygenase: 5Ј-CACAG-CACTCTTCCGTCCATCTTG-3Ј and 5Ј-CCCAGGAGC-CAAACGACATTTATC-3Ј (nucleotides 1635-1812); for BK B2 receptor: 5Ј-TGCCTCTGCTTCTTCTGCTGTAATG-3Ј and 5Ј-GTGTCTCCGTGTGATGTGTGTCTTG-3Ј (nucleotides 2177-2418). ]-RTX-binding assays were carried out by using 96-well filtration plates as described previously (12) . Briefly, VR1-transfected human embryonic kidney (HEK) cells were incubated with various concentrations of [ 3 H]-RTX in 150 l of assay buffer at 37°C. After 1 h of incubation, ice-cold ␣1-acid glycoprotein (1 mg͞well) was added to reduce nonspecific binding (13) . The solution in the microplates was then immediately aspirated. Filter membranes of the microplates were then washed with the assay buffer containing ␣1-acid glycoprotein, dried completely, and collected for liquid scintillation counting. Parameters for ligand binding were determined by fitting the Hill equation (12, 13) . For the competition assay, VR1 transfected HEK cells were incubated with 100 pM After washing with PBS five times, the cells were incubated in the serum-free medium for 2 h. Incubation continued for an additional 10 min after applying 1 M BK. The reaction was stopped with addition of 99% methanol at pH 5.0. Radio-labeled lipids in the reaction medium were extracted by centrifugation (100 ϫ g) after addition of ethyl acetate (99.5%). The organic layer was evaporated with argon, and the residue was dissolved in ethanol and stored at Ϫ70°C.
Samples were injected into a C18 column (Merck) connected to a HPLC (Waters) with a flow rate of 0.5 ml͞min. The initial concentration (vol͞vol) of acetonitrile was 50% and gradually increased to 95% at pH 3.0. The effluent was monitored at 235 nm and by a radioisotope detector (IN͞US, Fairfield, NJ). The effluent of the radio-labeled peak was collected and stored at Ϫ70°C for a mass spectral analysis.
Mass spectroscopic analyses for the samples were performed with a mass electroionization spectrometer (Model 1100, Agilent, Waldbronn, Germany). Nitrogen was used as the nebulizing gas maintained at 325°C for drying. The samples were introduced to the ion source at a flow rate of 4 l͞min in the positive scan mode from m͞z 100 to 1,500.
12-(S)-Hydroxyeicosatetraenoic Acid [12(S)-HETE]
Immunoassay. The level of 12(S)-HETE in DRG primary cultures was determined as described (14) by using a 12(S)-HETE enzyme immunoassay kit (Assay Designs, Ann Arbor, MI). The 12(S)-HETE antibody showed low crossreactivity (Ͻ1%) with 5-or 15-HETE, or prostaglandins, and with 12(R)-HETE (7.2%). Briefly, standards and samples were loaded in 96-well plates coated with goat anti-rabbit IgG. 12(S)-HETE enzyme immunoassay conjugate and antibody were added to each well and incubated for 2 h. Colorimetric density of the reaction was read at 405 nm immediately after 3-h incubation with p-nitrophenyl phosphate.
Behavioral Testing. Thermal nociception was quantified by using radiant heat focused on the dorsal surface of the hind paw of lightly restrained 250-to 300-g male Sprague-Dawley rats (Bantin & Kingman, Fremont, CA). For each measurement of paw withdrawal latency, the value reported was the mean of three trials performed 10 min apart. BK was injected intradermally at the site of heat stimulation in a volume of 2.5 l. Baicalein was injected 5 min before BK.
In addition to direct sensitization of sensory nerve endings, BK can also induce hyperalgesia via mechanisms mediated by sympathetic nerves (15) . To analyze the functional significance of 12-lipoxygenase activity within sensory nerves, the indirect sympathetic-mediated mechanism was eliminated by surgical sympathectomy (16) .
Statistics. Data were presented as mean Ϯ SEM. Student's t test was used to compare two means.
Results
We sought to determine whether 12-HPETE, an immediate metabolic product of 12-lipoxygenase that shows the strongest potency in activating VR1 among the lipid products (5), actually binds to VR1 with saturability, by testing whether it competes for binding with a known ligand of VR1. VR1-transfected HEK cells were incubated with VR1 with 100 pM [ 3 H]-RTX, a potent agonist of the capsaicin receptor (13) . In the incubation medium, various concentrations of 12-HPETE were added to compete with [ tions), and the apparent K i for capsaicin (2.5 M) was comparable to that reported previously (13) . These results clearly suggest that 12-HPETE is indeed capable of binding to VR1, with a somewhat greater potency than capsaicin.
Single-channel current recordings were performed to test whether BK can cause capsaicin receptors to be activated in cultured rat DRG neurons. In 13 of 101 cell-attached patches, bath application of BK (1 M) activated single-channel currents (Fig. 2A) . The delay for activation of the currents (153 Ϯ 31 sec, n ϭ 13) is consistent with a requirement for generation of intracellular second messengers. When BK (0.5 M) was applied via the pipette to the extracellular surface of the patch, channels were activated in 30 of 86 patches, and these currents were all reduced by bath application of 5 M capsazepine (CZP) in 7 patches so tested (73.0 Ϯ 12.7% reduction in channel activity, P Ͻ 0.01).
In whole-cell voltage-clamp recordings, BK (1 M) induced small inward currents (Ͻ500 pA) in 26 of 201 neurons (Fig. 2B) . In 12 BK-responsive neurons tested, 10 M CZP significantly reduced the BK-evoked whole-cell current by 71.6 Ϯ 6.6% (P Ͻ 0.01). Current-clamp recordings were performed to determine whether the BK-induced activation of capsaicin receptors is sufficient to evoke action potential firing in the cultured sensory neurons. BK (0.1 M) was able to induce firing of action potentials, which, in some cells, continued after washout of BK from the bath (Fig. 2C) . The response could be evoked repeatedly from a single cell, although tachyphylaxis occurred. The response to BK was greatly attenuated by 5 M CZP (86.1 Ϯ 6.1%, n ϭ 9), suggesting that capsaicin receptors mediate this effect. Consistent with the idea that BK activates capsaicin receptors by stimulating production of AA metabolites via a phospholipase A 2 (PLA 2 )͞lipoxygenase pathway, BK-induced action potential generation was attenuated by 10 M quinacrine (QN; an inhibitor of PLA 2 ) and by 5 M nordihydroguaiaretic acid (NDGA), a lipoxygenase inhibitor (Fig. 2C) . Application of NDGA (5 M, n ϭ 5) or QN (10 M, n ϭ 7) alone failed to inhibit capsaicin-evoked single-channel currents or activate capsaicin receptors, indicating that these inhibitors have no direct effect on the capsaicin receptor.
The foregoing in vitro electrophysiological observations, performed in a perfused recording chamber, suggest that BK can act directly on sensory neurons to stimulate AA metabolism within those cells, leading to activation of CZP-sensitive currents. To verify whether BK can stimulate AA metabolism leading to activation of capsaicin currents in situ, action potentials from rat cutaneous sensory nerve fibers attached to skin, isolated in vitro (10, 17, 18) , were recorded. Superfusion of BK (1 M) over the volar surface of the skin excited 67 of 122 fibers identified as unmyelinated C-fiber nociceptors (velocities Ͻ1 m͞s) (Fig. 3A) . Coapplication of CZP (10 M) and BK significantly reduced the neural responses to BK (67.2 Ϯ 6.0%, P Ͻ 0.01, n ϭ 16) (Fig. 3  A-C) , whereas application of the CZP vehicle with BK did not significantly change the BK response (25.2 Ϯ 7.6% increase, P Ͻ 0.12, n ϭ 7). The neural response to BK was also reduced by the PLA 2 inhibitor, QN (10 M) (69.1 Ϯ 5.1%, n ϭ 9) and by the lipoxygenase inhibitor, NDGA (20 M) (70.1 Ϯ 4.6%, n ϭ 13). Finally, application of 2 M indomethacin (INDO), to inhibit the lipoxygenase-independent metabolism of AA via cyclooxygenase, did not significantly reduce the response to BK (1.3 Ϯ 7.0%, n ϭ 15).
In addition to depolarizing neurons, BK exerts some of its cellular effects by increasing the [Ca 2ϩ ] i . Therefore, we tested the hypothesis that this action of BK is also mediated by the cascade of PLA 2 , lipoxygenase, and capsaicin receptor. As shown in Further experiments were performed to confirm that 12-lipoxygenase is the critical metabolic enzyme for activating VR1. HEK cells were transfected with cDNA encoding VR1. Application of 10 M AA did not induce an increase in [Ca 2ϩ ] i in these cells (data not shown). However, expression of 12-lipoxygenase in the VR1-transfected HEK cells enabled them to produce [Ca 2ϩ ] i transients in response to AA application (n ϭ 72), a response that was blocked by 5 M CZP by 91 Ϯ 13% (n ϭ 67) (Fig. 4C) . In contrast, expression of cyclooxygenase-2 in VR1-transfected HEK cells failed to confer responsiveness to AA (n ϭ 54). Cells transfected with 12-lipoxygenase or cyclooxygenase-2 alone did not increase [Ca 2ϩ ] i in response to AA application (data not shown). To verify that the necessary elements of the PLA 2 ͞ lipoxygenase͞capsaicin receptor pathway in fact coexist in sensory neurons that respond to BK, single-cell RT-PCR was performed to detect the coexpression of mRNAs encoding B2 receptor, 12-lipoxygenase, and VR1 in adult cultured DRG neurons. Among neurons that responded electrophysiologically to 10 M BK, 75% (6͞8) coexpressed detectable levels of the three mRNAs (Fig. 5A) . In contrast, among neurons that were not responsive to BK, only 5% (1͞19) coexpressed all three mRNAs. Of note, five neurons that expressed both B2 receptor and 12-lipoxygenase, but lacked detectable VR1, failed to respond to BK (Fig. 5B) .
To determine whether BK can, in fact, stimulate synthesis of 12-lipoxygenase products in sensory neurons, we used highperformance liquid chromatography coupled with radioisotope detection of chemicals released from primary cultures of rat sensory neurons. As shown in Fig. 6A , preincubation with 14 C-AA elicited a weak radio-labeled peak. This peak was increased by a factor of 5.6 Ϯ 2.0 (n ϭ 5, P Ͻ 0.05) with application of 1 M BK (Fig. 6A) . The retention time of the radio-labeled peak was identical to that of 12-HETE, a downstream metabolite of 12-HPETE, which itself is an immediate metabolite of 12-lipoxygenase and the most potent known lipid agonist of VR1 (5). The chemical identity of the peak as C 14 -12-HETE (molecular weight ϭ 322.5) was further confirmed by mass spectrometric analysis (Fig. 6A Inset) . The production of 12-HETE after BK application was also confirmed by an enzyme immunoassay by using a polyclonal antibody specific to 12(S)-HETE (14) . As shown in Fig. 6B , application of 1 M BK elicited about 11-fold (n ϭ 9, P Ͻ 0.001) increase in the level of 12(S)-HETE in the primary cultures. Although primary cultures of DRGs also contained nonneuronal cells, the BK-induced 12-HETE production was likely of neuronal origin because after depletion of sensory neurons from the DRG culture, the 12-HETE peak was not detected (data not shown).
Behavioral experiments were performed to determine whether 12-lipoxygenase contributes in vivo to BK-induced thermal hyperalgesia (Fig. 7) . Intradermal injection of BK (1 g͞2.5 l) into the rat hind paw caused a significant decrease (P Ͻ 0.05) in the latency for withdrawal from a radiant heat stimulus. Coadministration of baicalein (1 g͞2.5 l) prevented this BK-induced hyperalgesia, restoring threshold to a level not significantly different from the baseline. Thus, 12-lipoxygenase activity is required for BK-induced thermal hyperalgesia.
Discussion
This study demonstrates that BK can act directly on sensory neurons to stimulate the production of the endogenous capsaicin receptor agonist, 12-HPETE (5) via the 12-lipoxygenase pathway. Our in vitro electrophysiological experiments suggest that the pathway operates entirely within sensory neurons, consistent with evidence that 12-HPETE may bind to the capsaicin-binding site (5), which is located in the cytosolic domain of VR1 (9, 19) .
The present data also demonstrate that VR1 can be activated by BK, and that CZP, the competitive antagonist of VR1, blocks the BK effects.
BK both activates (17) and sensitizes (20) sensory neurons. In the present study, it appears that capsaicin receptors are activated by BK, which would be consistent with the suggestion that 12-HPETE acts as an agonist of VR1 (5) . However, the present data cannot exclude the possibility that BK sensitizes heatactivated capsaicin receptors to such a degree that they become active at ambient temperature. This would be compatible with the recent report that BK activates C-fibers in vivo by reducing their heat threshold to a level below body temperature (21) . If so, the elevated temperature of inflamed tissue (calor) could exacerbate this effect of BK in vivo.
There is evidence that BK can sensitize capsaicin receptors by mechanisms that may not involve AA metabolites (22) . Specifically, protein kinase C is known to contribute to BK-induced thermal sensitization of sensory neurons (23) , and recent studies have implicated phospholipase C and protein kinase C in BK-induced activation of vanilloid receptors (6, 7) . In view of such data, it seems likely that interactions between the protein kinase C and PLA 2 ͞12-lipoxygenase pathways could play a role in BK-induced effects on capsaicin receptors. One possibility is that protein kinase C activity contributes to BK-induced calcium influx (24) that is required for BK-induced mobilization of AA (25) . Because vanilloid receptors might act as heat transducers (1, 2, 26) in inflamed tissue (2, 3), we hypothesized that BK-induced activation of capsaicin receptors would produce thermal hyperalgesia. Supporting this idea, BK-induced thermal hyperalgesia was completely blocked by an inhibitor of 12-lipoxygenase. Furthermore, BK-induced thermal hyperalgesia is much reduced in animals deficient in VR1 (6) . This finding is consistent with previous reports that enhancement of heat sensitivity is a direct effect of BK on sensory nerves (27, 28) , whereas BK-induced mechanical hyperalgesia is an indirect result of BK acting on sympathetic nerves (29) that release factors (e.g., cytokines, prostaglandins, and epinephrine) (30, 31) that then sensitize sensory nerve endings to mechanical stimuli.
In summary, this study demonstrates that the inflammatory mediator BK can activate capsaicin receptors via an intracellular second messenger pathway involving mobilization of AA by PLA 2 and generation of the 12-lipoxygenase product, 12-HPETE. Furthermore, the 12-lipoxygenase pathway is required for BK-induced thermal hyperalgesia. These insights suggest new strategies in the development of treatments for inflammatory pain and perhaps for other pathologies related to inflammationinduced activation of vanilloid receptors in sensory nerve fibers, e.g., airway hyperreactivity (32) .
